In a randomised, controlled, single-blind trial, we examined the effect of a pre-emptive alveolar recruitment strategy on arterial oxygenation during subsequent pneumoperitoneum. After intubation, 50 patients were randomly allocated to receive either tidal volume 10 ml/kg with no positive end-expiratory pressure (group C) or alveolar recruitment strategy of 10 manual breaths with peak inspiratory pressure of 40 cmH 2 O plus positive end-expiratory pressure of 15 cmH 2 O before gas insufflation (group P). During pneumoperitoneum, group P was ventilated with the same setting as group C (FiO 2 =0.35, tidal volume 10 ml/kg). P a O 2 measured during peumoperitoneum was higher in group P than in group C (166±32 mmHg vs 145±34 mmHg at 15 minutes, P=0.028, 155±30 mmHg vs 136±32 mmHg at 30 minutes, P=0.035). Alveolar-arterial oxygen gradient in group P increased less after gas insufflation (13±9 to 60±34 mmHg vs 10±9 to 37±31 mmHg, P=0.013). We conclude that the alveolar recruitment strategy we applied before insufflation of the peritoneal cavity may improve oxygenation during laparoscopic hysterectomy.
Development of atelectasis and ventilation/ perfusion mismatch is the major reason for gas exchange impairment during surgery under general anaesthesia [1] [2] [3] [4] . Intraperitoneal insufflation with carbon dioxide during laparoscopic surgery causes substantial alterations in acid-base balance and cardiorespiratory physiology 5 . Induced pneumoperitoneum increases the intrathoracic pressure by pushing the diaphragm upward, decreasing compliance and arterial oxygenation 6, 7 . The Trendelenburg position in gynaecological laparoscopic surgery further elevates airway pressure, with the displacement of the diaphragm into the thoracic cavity producing a further decrease in respiratory compliance.
Alveolar recruitment and positive end-expiratory pressure (PEEP) have been reported to be helpful for treatment of atelectasis-induced hypoxaemia during general anaesthesia 8 . However, the application of PEEP may be limited during gynaecological laparoscopic surgery because of the high airway pressures induced by the pneumoperitoneum and Trendelenburg position. High airway pressure and a high level of PEEP may cause barotrauma 9 . As far as we know, there has been no previous study of the application of an alveolar recruitment strategy (ARS) for gynaecological laparoscopic surgery.
To avoid the additional increase in inspiratory airway pressure during pneumoperitoneum, we applied an ARS plus PEEP before carbon dioxide (CO 2 ) gas insufflation, with no PEEP thereafter. We hypothesised that a pre-emptive ARS would maintain open alveoli despite no application of PEEP during surgery, thus preventing the impairment of respiratory system mechanics and gas exchange.
METHODS
After obtaining approval of the local ethics committee and written informed consent, 53 ASA physical status I and II patients undergoing elective total laparoscopic hysterectomy were enrolled in the study. Patients with pre-existing lung or cardiac disease, pathologic lung function or obesity were excluded.
The anaesthetic protocol was standardised. No patient received premedication. Anaesthesia was induced with lignocaine 30 mg, propofol 2 mg/kg and alfentanil 10 µg/kg. Orotracheal intubation was facilitated with rocuronium 0.6 mg/kg. Anaesthesia was maintained using total intravenous anaesthesia with propofol (target organ concentration 3 to 6 µg/ml) and alfentanil (10 to 30 µg/kg/h). Muscle relaxation was monitored by train-of-four on the ulnar nerve at five-minute intervals during the operation. If a visible T1 response appeared, a bolus of rocuronium 10 mg was administered.
After tracheal intubation, patients were allocated randomly to one of two groups by block randomisation. In group C (control) patients, ventilation was performed using an electronically controlled portable ventilator (Pulmonetic systems LTV 1000 ® , Pulmonetic Systems Corporation, USA) with a fresh gas mixture of 35% oxygen in nitrogen, inspiratory flow of 40 l/min, inspiration to expiration ratio of 1:2 (10% inspiratory pause) without PEEP. In volume controlled mode, tidal volume (V T ) was set at 10 ml/kg initially and respiratory rate (RR) adjusted to achieve an endtidal CO 2 pressure of 35 mmHg. Patients in group P (ARS) were ventilated with the same settings as those in group C during pneumoperitoneum, but received ARS from after intubation until just before intraperitoneal gas insufflation. The ARS was performed using 10 breaths at peak inspiratory pressure of 40 cmH 2 O, followed by PEEP of 15 cmH 2 O, consistent with previous studies 8, 10 . Pneumoperitoneum was achieved by introduction of a Verres needle at the umbilicus, CO 2 insufflation (Wolf Company, Knittlingen, Germany) and the intra-abdominal pressure was maintained at a maximum of 12 mmHg during surgery. To improve surgical access, all patients were placed in lithotomy in the Trendelenburg position at 20° tilt. Auscultation of both lung fields was performed to rule out one-lung ventilation during pneumoperitoneum.
We noted the mean arterial pressure and arterial blood gas data. We also measured plateau inspiratory pressure (P PL ), expiratory V T , mean airway pressure (mPaw) and peak inspiratory pressure (PIP) using the Pulmonetic Systems LTV 1000 ® . Dynamic compliance of the respiratory system (C DYN ) was calculated using the following algorithm, C DYN (ml/cm H 2 O)=V T /(PIP-PEEP) and static compliance was obtained with the formula C STAT (ml/cmH 2 O)=V T /(P PL -PEEP). The respiratory data of each measurement was obtained by averaging three consecutive breaths. Haemodynamic and respiratory variables and arterial blood gases were recorded prior to induction of anaesthesia, during ARS in the supine lithotomy position and at 15-minute intervals after pneumoperitoneum in the Trendelenburg lithotomy position. Alveolararterial oxygen difference (AaDO 2 ) was obtained by the formula AaDO 2 =(713×FiO 2 -P a CO 2 /0.8)-P a O 2 .
Statistical analysis
A pilot study of 12 patients demonstrated that the standard deviation in arterial oxygen tension (P a O 2 ) at 15 minutes after pneumoperitoneum, in the 20° head-down position, was 25 mmHg. To demonstrate a 20 mmHg difference in P a O 2 at the 0.05 level with a power of 80%, we needed a minimum of 25 patients per group. Repeated measures of analysis of variance were performed to evaluate the time-by-ARS treatment interaction effect (baseline, 15 and 30 minutes after pneumoperitoneum). If there was significant difference between groups, the Mann-Whitney rank sum test was performed for the difference between groups at each time point. P <0.05 was considered statistically significant.
RESULTS
Two patients in group C and one patient in group P had accidental one-lung ventilation during pneumoperitoneum due to endobronchial intubation, confirmed by bronchoscopic examination, and were excluded. There were no significant differences in demographic data between the two groups of 25 patients each ( Table 1 ). The mean duration of ARS before pneumoperitoneum in group P was 20 minutes. Values are mean ± SD. ARS=alveolar recruitment strategy, PP=pneumoperitoneum. Group C represents patients receiving no ARS and group P those receiving an ARS.
Baseline P a O 2 (FiO 2 =0.21) in group C did not differ from that in group P (88±11 mmHg vs 89±9 mmHg). Pneumoperitoneum for 30 minutes in the Trendelenburg position decreased P a O 2 in both groups (P <0.01). There was a significant time-by-ARS treatment interaction effect (baseline, 15 and 30 minutes, P=0.027, Figure 1 ). The P a O 2 during 30 minutes of pneumoperitoneum remained higher in group P than in group C ( Table 2 ). Data were obtained at 45 minutes in only 10 patients (four group P, six group C), with P a O 2 153±49 mmHg vs 129±32 mmHg, P=0.35. In three patients in group C and none in group P, the P a O 2 decreased below 90 mmHg during pneumoperitoneum, the lowest values being 74 mmHg in group C and 99 mmHg in group P. The alveolar-arterial oxygen gradient in group P increased less at 30 minutes after gas insufflation (13±9 to 60±34 mmHg vs 10±9 to 37±31 mmHg, P=0.013).
The mean blood pressure and arterial pH and arterial carbon dioxide tension (P a CO 2 ) did not change significantly during the study period (Tables  2 and 3) . The PIP increased, and static and dynamic compliance decreased in both groups after gas insufflation and position change (Table 3 ). However, there was no difference in PIP or lung compliance between groups.
DISCUSSION
In this study the effect of an ARS before gas insufflation during laparoscopic surgery improved oxygenation, without an increase of airway pressure, for more than 30 minutes.
Our study was conducted in patients who underwent gynaecological laparoscopic surgery in the Trendelenburg lithotomy position. It can be argued that the effects of the pneumoperitoneum itself on oxygenation are small and not clinically important 5 . Even though pulmonary oxygen exchange is well maintained in healthy young women 11 , patients undergoing laparoscopy in the Trendelenburg lithotomy position are predisposed to decrease in arterial oxygenation because of basal atelectasis, reduced functional residual capacity induced by general anaesthesia, mechanical ventilation and surgical positioning. Takahata et al 7 observed the decrease in P a O 2 during pneumoperitoneum, even in young patients. It has been reported that a longer duration of intraperitoneal gas insufflation decreases P a O 2 6 . Healthy subjects in our study had a similar result and P a O 2 decreased mildly after 30 minutes with pneumopertoneum in the Trendelenburg position.
It has been known that alveolar recruitment with PEEP during general anaesthesia is effective in improving arterial oxygenation 8, 12, 13 . Alveolar recruitment therapy produces re-expansion of atelectasis occurring due to general anaesthesia 13 and PEEP prevents the redevelopment of atelectasis 6 . Pang et al 12 reported that an ARS applied during laparoscopic cholecystectomy improved arterial oxygenation compared with conventional ventilation. Whalen et al 14 applied an alveolar recruitment manoeuvre using 12 cmH 2 O PEEP in morbidly obese patients and found that this ARS was very effective in improving intraoperative oxygenation. However, due to the ARS, the peak airway pressure rose to 42 cmH 2 O during laparoscopy, even in the supine position 14 . Higher peak and mean airway pressures presumably caused the hypotension requiring treatment noted in that study, with patients receiving the ARS needing more vasopressor 14 . High airway pressure and PEEP are also reported as risk factors for lung barotrauma, especially among patients with lung disease 9, 15 .
In our study, the ARS was conducted only before CO 2 insufflation and no PEEP was applied during pneumoperitoneum, even though PEEP during surgery is an effective method of improving oxygenation. The main advantage of ARS before CO 2 insufflation over intraoperative ARS appears to be avoidance of further increase in airway pressure, which could increase the risk of ventilatorinduced lung injury and haemodynamic compromise. We postulated that anaesthesia-induced alveolar collapse could be fully reversed before CO 2 insufflation, such that the beneficial effect would be long-lasting despite the detrimental effects of pneumoperitoneum and the Trendelenburg position. We found that ARS before CO 2 insufflation kept arterial oxygenation higher during pneumoperitoneum without additional airway pressure increases or haemodynamic compromise.
This study had some limitations. First, the between-group P a O 2 after 45 minutes of pneumoperitoneum could not be compared, because only 10 patients remained at this time. The risk of hypoxaemia becomes greater when the duration of pneumoperitoneum is longer 6, 7 . Even though the mean value of P a O 2 at 45 minutes in group P was higher than that of group C (153±49 mmHg vs 129±32 mmHg), this was not significant and statistical power was low. In a computer model of absorption atelectasis 16 , the time to collapse in a lung unit filled with 30% oxygen was estimated to be three hours. Rothen et al 17 used computed tomography to assess the extent of atelatasis, which recurred after recruitment manoeuvres. They observed that a recruitment manoeuvre with 40% oxygen in nitrogen virtually eliminated atelectasis for at least 40 minutes 17, 18 , so the preventive effect of ARS before pneumoperitoneum may persist in surgery of longer duration, such as laparoscopic colectomy. Second, the effect of ARS during pneumoperitoneum may be more important and more pronounced in the elderly, obese and those with impaired respiratory function 7, 14, 19 . Further study is required to verify these speculations. Even though the current study enrolled relatively healthy patients, we observed three patients in group C but no patient in group P in whom the P a O 2 decreased below 90 mmHg during surgery, despite no evidence of one-lung ventilation.
In conclusion, pre-emptive ARS before gas insufflation may be useful in improving arterial oxygenation without additional increase in airway pressure in gynaecologic laparoscopic surgery.
